To examine the relationship of cytokines in blood of very preterm neonates with later diagnosis of spastic cerebral palsy (CP) compared with infants of similar gestational age without CP, we measured concentrations of inflammatory cytokines and other substances in archived neonatal blood by recycling immunoaffinity chromatography. Subjects were surviving children born before 32 wk gestational age (GA) to women without preeclampsia, 64 with later diagnoses of CP and 107 control children. The initial analyses were augmented by measurement of 11 cytokines by a bead-based flow analytic system (Luminex) in an additional 37 children with CP and 34 control children from the same cohort. Concentrations of examined substances did not differ by presence of indicators of infection in mother, infant, or placenta. On ANOVA, concentrations of a number of cytokines were significantly related to neonatal ultrasound abnormalities (periventricular leukomalacia, ventricular enlargement, or moderate or severe germinal matrix hemorrhage). None of the substances measured either by immunoaffinity chromatography or flow analytic methods, including IL-1, -6, and -8 and tumor necrosis factor-␣, was related to later diagnosis of CP or its subtypes. Inflammatory cytokines in neonatal blood of very premature infants did not distinguish those with later diagnoses of CP from control children. Clinical and placental histologic markers of inflammation are common in preterm infants, especially in infants of the lowest gestational ages (GA) (1, 2) . Intrauterine exposure to infection is an important cause of preterm birth (3, 4) , and preterm infants are at high risk for cerebral palsy (CP) (5, 6) .
Because intrauterine exposure to infection is a risk factor for development of CP in infants who are born at or near term (7) (8) (9) , it is reasonable to wonder whether infants who are born very preterm with clinical indicators of intrauterine infection are at higher risk of CP than infants who are born at similar GA and are free of markers of infection. Current evidence as to whether markers of infection are related to CP risk in infants who are born before 32 wk GA is inconsistent, and studies differ widely in the frequency with which they identify the presence of intrauterine infection using clinical indicators (10) .
Biochemical mediators of inflammation, such as cytokines, might be more sensitive markers of infection than are clinical signs and might offer clues to pathophysiology. A number of studies in perinatal medicine have used concentrations of inflammatory cytokines as indicators of possible infection.
In studies of predominantly term-born children with CP (11) and in term infants who died or developed CP (12) , concentrations of inflammatory cytokines in neonatal blood were higher than in control infants. High cytokine levels were associated with clinical and histologic indicators of maternal or placental infection (10). Thus, both clinical and biochemical markers of inflammation have been linked with CP risk in children who were born at or near term.
In infants who were born before 36 wk GA, Yoon et al. (13) reported higher median concentrations of certain inflammatory cytokines in the amniotic fluid of infants with evidence of periventricular leukomalacia (PVL), a predictor of CP, on neonatal ultrasonographic examination. That group also reported a relationship of amniotic fluid cytokine concentrations with later diagnosis of CP (14) . In a small group of children who were born before 32 wk GA, Baud et al. (15) did not find a relationship between cytokine concentrations in amniotic fluid and PVL. Duggan et al. (16) did but Minagawa et al. (17) did not find a relationship between IL-1, -6, and -10 and tumor necrosis factor-␣ (TNF-␣) in cord blood and neonatal brain imaging abnormalities, although they did note an association of IL-18 concentration with ultrasound abnormalities.
To investigate the association of cytokine concentrations with development of CP in a cohort of infants who were born before 32 wk GA, we used recycling immunoaffinity chromatography to measure cytokines in archived neonatal blood drawn for state-mandated metabolic screening. To compare these results with cytokine determinations by assay methods that are more widely available, we used flow analytic methods to measure cytokines in an additional group of subjects from the same cohort of infants who were born before 32 wk GA. We also examined the association of cytokine concentrations with abnormalities reported in neonatal cranial ultrasonography. Risk of CP is lower in preterm infants who are born to preeclamptic women (18 -20) ; progeny of preeclamptic women were excluded from both case and control groups in this study.
METHODS
The study population included singleton children who survived at least to 2 y of age, were born before 32 wk GA, and had birth weight Ͻ2000 g. Births were between 1988 and 1994 at hospitals that offer level 2 or level 3 neonatal intensive care in the San Francisco Bay Area or Northern and Central San Joaquin Valley of California. Final diagnosis of CP and determination of case or control status was at age 4 y or at the time of death for children who died between 2 and 4 y of age. Children who were born to women with preeclampsia or severe systemic disease or were born within 3 h of admission were excluded unless there was clinical evidence of intrauterine or maternal renal infection.
CP was defined as a chronic disability of CNS origin, characterized by aberrant control of movement or posture, appearing early in life, and not the result of a progressive disease. We excluded children who acquired their CP from illness or injury after the first month of life and those whose CP followed congenital TORCH infection with toxoplasma, rubella, cytomegalovirus, and herpes virus. Children with CP included in this study were identified by the California Children's Services and Department of Developmental Services. Charts of children from California Children's Services were reviewed by the authors to see that they met criteria for diagnosis. For children from Department of Developmental Services, diagnostic information abstracted from charts was available in a standardized form. Controls were children who were not receiving special services for CP and met the same birth weight and GA criteria and with similar birth weight and GA distributions as cases. Additional details of case definition and control selection are provided elsewhere (21) .
For obtaining a similar birth weight distribution for case and control children, the pool of controls was divided into 250 g birth weight strata by birth year, based on birth weight as recorded on the birth certificate. Two controls per case were randomly sampled from within each birth weight-birth year stratum. GA criteria would have been preferred, but the recording of GA on birth certificates is known to be unreliable.
Clinical data collection. Detailed labor, delivery, and neonatal medical record abstraction was conducted blinded to case-control status. For women who were medically transported to the delivery hospital, the medical record from the transporting hospital was obtained. Records were obtained from the receiving hospital for neonates who were transported from the delivery hospital within the neonatal period (typically from a level 2 to a level 3 facility).
GA was derived from measures in the mothers' hospital charts and known before delivery, giving priority to dates established early in pregnancy and to ultrasound examinations performed before 19 wk GA. Maternal race/ethnicity was according to mother's self-identification as recorded on the infant's birth certificate. Standards for fetal growth and birth weight for GA were derived from vital record data, classified by plurality, sex, and race, on Ͼ1 million births in California, 1966 through 1970 (22) .
Our original study from this population was designed to evaluate tocolytic therapy. For maximizing efficiency in data collection, extensive clinical information was abstracted only on mother-infant pairs for whom the question of tocolytic treatment was relevant, i.e. those for whom delivery took place Ͼ3 h after admission in the absence of preeclampsia, pregnancy-induced hypertension, or a severe systemic disorder or previous surgery that would determine the management of delivery.
Indicators of maternal infection include clinical diagnoses, signs and symptoms of infection during the admission for delivery up to 24 h postpartum, culture data, treatment with anti-infective medications, and placental pathology findings. Presence or absence of clinical conditions in mothers and infants was as recorded by physicians who cared for the patients. Copies of all available placental pathology reports were reviewed and coded by an expert placental pathologist blinded to case status. Blood spots on dried filter paper were obtained from the California Genetic Disease Program under a protocol approved by the California Committee for the Protection of Human Subjects.
Biochemical analysis. A 5-mm circle was punched from each blood spot dried on filter paper, and material was eluted as previously described (23, 24) . The total protein content of each sample was measured and normalized to 1 g/mL with phosphate buffer solution (pH 7. Samples were analyzed using recycling immunoaffinity chromatography (25, 26) : 25 L of each sample was injected into a BioCad Sprint chromatography system equipped with a scout column selector (Perkin-Elmer, PerSeptive Biosystems, Foster City, CA, U.S.A.) to which was coupled a panel of small biocompatible immunoaffinity columns (Upchurch Scientific, Oak Harbor, WA, U.S.A.). These columns were packed with glass beads, 150 -212 m (Sigma Chemical Co., St. Louis, MO, U.S.A.), coated with immobilized antibodies to specific analytes (R & D Systems, Minneapolis, MN, U.S.A.; Chemicon International, Temecula, CA, U.S.A.). Panels were arranged so that samples could pass through each column in a serpentine manner. During this phase, each column extracted a single analyte while allowing the nonreactive materials to pass to the next column. After passage through the columns, nonreactive materials were collected for further analysis. The bound analytes were recovered by acid elution of each column sequentially, measuring the released analyte by laser-induced fluorescence. Concentrations of each recovered analyte were calculated by comparison to standard curves constructed by running known amounts of pure analyte through identical conditions.
Substances measured were IL-1 through IL-13; TNF-␣; transforming growth factor-␤; colony-stimulating factors (CSF) G, M, and GM; interferon-␥ (IFN-␥); calcitonin generelated peptide; vasoactive intestinal peptide (VIP); antithrombin III; vascular endothelial growth factor (VEGF); regulated on activation normal T-cell expressed and secreted; macrophage inflammatory protein (MIP) 1a and 1b; and monocyte chemotactic protein 1 and 2.
Blinded replications of analyses for IL-1, 6, 8, and 9 and TNF-␣ were performed for 20 specimens, from 10 children with CP and 10 control children. The average percentage difference between values on the two assays ranged from 7% to 16%. Paired t tests revealed no significant differences between first and second determinations.
After analysis by recycling immunoaffinity chromatography, we examined blood spot eluates from an addition 37 children with CP and 34 controls drawn from the same birth cohort, using Luminex LabMAP (Austin, TX, U.S.A.) flow analytic methods (25, 26) . The recycling immunoaffinity methodology uses single, often polyclonal, capture antibodies and may recognize partially degraded molecules that would be undetected by a double-antibody sandwich assay such as used in the Luminex analyses. However, use of the second paired antibody as in the Luminex methods enables greater specificity than use of the single-capture antibody.
The Linco kit (St. Charles, MO, U.S.A.) was used for 19 children with CP and 19 control children; the kit from Upstate Inc. (Lake Placid, NY, U.S.A.) was used for the remainder. Both the Linco and Upstate kits contained beads coated with antibodies for IL-1␤, -2, -4, -6, -8, -10, and -12; GM-CSF; IFN-␥; and TNF-␣; and the Linco kit also contained beads coated with antibodies for IL-5. Assays were performed according to the manufacturers' instructions; samples were run in duplicate on the Linco assays and singly on the Upstate assay.
Concentrations of individual analytes were calculated assuming a constant volume of blood on each spot or expressed per microgram of protein in each sample. The results and conclusions were not altered by the method of normalization.
Statistical analysis. The estimation of sample size required was based on results of a previous study of mostly term infants in which marked case-control differences were observed; the current study was approximately twice as large as the earlier study. Case-control comparisons of continuous measurements were by nonparametric Mann-Whitney U tests, and comparisons of categorical factors were by Fisher exact tests. The association of analyte concentrations with GA, birth weight, and day of blood draw were examined in linear regression models. The similarity of concentrations of the analytes in children with CP and in control children are obvious, and adjustments for multiple testing were not used for these comparisons. For the analysis of variance, models with CP and ultrasound abnormalities as main effects and selected analyses as response adjustments for multiple testing were accomplished using Scheffe's pairwise comparisons.
RESULTS
A total of 170 children with CP and 288 control children met study criteria. Archived neonatal blood was examined by ultramicroimmunoassay for a randomly selected subgroup of these, consisting of 64 children with CP and 107 control children. Blood was drawn, on average, 2.4 d after birth both in children with later CP diagnoses and in controls. Among children with CP, subtype was unrecorded in two; of the 62 known, 33 (53%) had spastic diplegia, 20 (32%) had spastic quadriparesis, and 9 (15%) had hemiplegia.
In children with CP and control infants, GA ranged from 23 to 31.6 wk, with a median of 27.2 wk in both groups (Table 1) . Birth weights were similar in the two outcome groups, as was racial group (white/nonwhite). Private pay status and thyroid disorder were slightly more common in mothers of infants with CP. Clinical and placental histologic indicators of infection, including clinically diagnosed chorionitis, maternal fever in labor, maternal and fetal tachycardia, leukocytosis, and administration of antibiotics during the admission for delivery but before birth, and histologic evidence of placental inflammation, all were fairly frequent in these very preterm births but were observed in similar proportions of cases and controls. This observation is comparable to clinical findings in the larger study population from which this unselected subgroup was drawn (21) .
Poor fetal growth, indicated by birth weight below the 10th percentile for GA for race and sex, was more frequent in control infants (Table 1 ). Respiratory distress syndrome or bronchopulmonary dyplasia and suspect or definite sepsis were slightly but not statistically significantly more frequent in children with CP. Neonatal infection (e.g. pneumonia, definite sepsis, meningitis) was observed in 37% of children with CP and 44% of control children. Repeated neonatal seizures were observed only in children with a later diagnosis of CP. A variety of medical and surgical treatments were observed with comparable frequency in cases and controls.
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Concentrations of measured substances were not associated with GA within the range of GA included in this study or with racial group (white/nonwhite) or day of life on which blood was drawn. Mean values of TNF-␣ and other inflammatory markers were somewhat lower in boys than in girls in both cases and controls, and SD were larger in boys.
Infants whose concentrations of one inflammatory cytokine were relatively high also tended to have high levels of the other inflammatory markers. In 17 (10%) of the 171 infants tested, TNF-␣ concentrations were 39 pg/mL or higher, and in these children concentrations of IL-1, IL-6, and IL-8 were also the highest measured. In the same 17 children, concentrations of IFN-␥ and the peptides VIP, substance P (SP), and calcitonin gene-related peptide were also relatively high. Most of these children also had relatively high levels of IL-9, GM-CSF, IFN-␥, and VEGF. Except for IL-8, concentrations of measured chemokines (regulated on activation normal T-cell expressed and secreted (RANTES), MIP-1A, MIP-1B, MIP-2, and monocyte chemotactic protein 1) were not related to levels of IL-1, IL-6, and TNF-␣.
The 10% of children with highest TNF-␣ concentrations all had diagnoses of respiratory distress syndrome or bronchopulmonary dysplasia, as did 91% of all of the very preterm infants in this study. Cytokine concentrations in the first days of life were not different in those in whom respiratory disorder resolved before they left the nursery as compared with those in whom lung disease persisted.
Cytokines and CP. As evaluated by recycling immunoaffinity chromatography, the mean concentrations, SD, median values, and ranges for all measured cytokines and related substances were similar in preterm children with CP and control infants ( Table 2 ; Fig. 1 ). No significant differences between the outcome groups were observed for any measured substance, either overall or in two GA strata (Ͻ27 wk and 27-31.6 wk). Limiting consideration to children whose blood was drawn on or before day 3 (n ϭ 113) or those who received no infusion of blood products before testing (n ϭ 149) did not alter the result. No differences were observed in cytokine concentrations among the spastic CP subtypes (diplegia, hemiplegia, quadriplegia). No association was observed between inflammatory cytokine concentrations and maternal, placental, or neonatal indicators of infection, either in children with CP or in control children (Table 3 ).
In the additional 19 very preterm children with CP and 19 control children whose blood was examined by Luminex methods using Linco kits, and the 18 children with CP and 16 control children whose cytokines were measured using Upstate kits, there were also no significant differences in concentrations of cytokines between case and control children (Table 4) . Values for some analytes were similar in the bead-based double-antibody assays using Linco and Upstate kits, whereas others differed; for some analytes, both differed from values as measured by recycling immunoaffinity chromatography, a single-antibody method (Table 2) .
Cytokine concentrations, ultrasound abnormality, and CP. Among children with CP, 58 (91%) had at least one cranial ultrasonographic examination during the nursery course and 42 (66%) had two or more. Of control children, 101 (94%) had at least one ultrasound evaluation and 79 (74%) had two or more. In children with two or more evaluations, results often differed, with some early-identified lesions not reported in later evaluations and with appearance of newly described lesions in some. PVL, ventricular enlargement, and/or moderate or severe germinal matrix hemorrhage was observed at some time during the nursery course in 23 children with CP [40% (23 of 58) of those with at least one evaluation] and in 18 control children (18%; Fisher's exact test, p ϭ 0.004).
Mean concentrations of inflammatory cytokines tended to be higher in children with one or more ultrasound abnormalities, both among children with CP and controls, compared with those whose imaging studies were read as normal. In a two- 
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way ANOVA model with an interaction term, cytokine concentrations were significantly related to ultrasound abnormalities but not to diagnosis of CP. The 12 children, six with CP and six controls, who did not undergo ultrasound evaluation all had low concentrations of inflammatory cytokines.
Although there was some association of mean cytokine concentrations with ultrasound abnormalities, that association was not clinically predictive. For example, of the 17 children with highest observed levels of TNF-␣, six had neither neonatal ultrasound abnormalities nor later diagnosis of CP, four had ultrasound abnormalities but not CP, three had CP but no identified ultrasound abnormality, and four had both ultrasound abnormality and CP.
DISCUSSION
Most surviving children who were born to nonpreeclamptic mothers before 32 wk GA, regardless of whether they had imaging abnormalities on neonatal ultrasonography or had later CP diagnoses, had low concentrations of inflammatory cytokines and other inflammatory mediators in systemic blood during the first days of life. Levels of cytokines, measured by 604 the recycling immunoaffinity chromatography or by an alternative method, did not distinguish infants with later diagnoses of CP from control infants. That finding is unlike the observation in a predominantly term group of children previously reported (11) . In the preterm children described in this report, as in the larger sample of which these children with measured cytokines were a subgroup (21) and in our earlier birth cohort of preterm infants (22) , clinical and histologic indicators of inflammation were common but were not more common in children with later CP diagnosis than in control children. Of other investigators, some have and some have not found clinical indicators of inflammation to be associated with CP risk in very preterm infants (9) , but a recent meta-analysis (27) concluded that the association is documented even in infants who are born preterm. Study populations and definitions vary considerably, however, raising questions as to the basic comparability of the component studies. For example, the frequency of clinically diagnosed chorioamnionitis for pregnancies ending before 32 wk GA in these studies ranged from 3% to 59%. In addition, the approach taken to adjusting for the powerful predictor of CP, GA, varies in different studies and can substantially influence results. Cytokine concentrations were not related to day of life on which blood was drawn or to exposure to antenatal corticosteroids, antibiotics, or surfactant. There was no association, as there was in more mature infants (11) , with clinical or histologic evidence of inflammation in mother or placenta.
Infants in whom the concentration of TNF-␣ was relatively high tended to have relatively high levels of other inflammatory markers. VEGF, a multifunctional cytokine with vascular growthenhancing and immunologic properties, inducible by inflamma- tory cytokines (28, 29) and by hypoxia (30) , was present in relatively high concentration in the 10% of infants with highest levels of IL-1, -6, and -8 and TNF-␣. VIP and IL-9 levels were also relatively high in these infants. Cytokine levels, when high, might reflect overproduction of cytokines or their impaired degradation or clearance. Unlike the more mature infants previously reported (10) , in these preterm infants, concentrations of chemokines other than IL-8 did not parallel the inflammatory IL. Many studies of infection in pregnancy and outcome in preterm infants have used neonatal ultrasound findings as an end point. As in other studies of preterm infants, we found ultrasound abnormalities to be more common in infants who later had a CP diagnosis. Ultrasound data are not a strong point of this study, however; ultrasound examinations were not performed by study design but reflect medical practice in 22 hospitals in a geographic region over a 7-y period. We did not undertake independent review of ultrasound findings but accepted the clinical reports, and we lack detailed information on the size, position, and timing of ultrasonographically identified brain lesions. Ultrasonographic findings changed over the nursery stay in many infants. Six children with CP were never scanned, and 36 children with normal early scans were not rescanned. Despite these limitations, common to many observational studies of cranial ultrasound in preterm infants, we found that neonatal concentrations of inflammatory cytokines were higher, on average, in infants with ultrasound abnormalities.
CP, the major outcome of this study, was well ascertained and was not related to neonatal cytokine concentrations. Because levels of neonatal cytokines averaged higher in infants with ultrasound abnormalities and ultrasound abnormalities were associated with CP, it may be surprising that neonatal cytokine levels were not higher in infants with later CP diagnoses than in control infants. Several factors may contribute to this apparent paradox. The relationship of ultrasound to CP was not powerful: a majority of children with CP (60%) did not have evidence of ultrasonographic abnormalities, whereas one in six control children (18%) did. Children who were never scanned had low cytokine levels. The relationship between cytokine concentrations and ultrasound findings, although statistically significant, does not provide predictability. There are apparently routes to CP in very preterm infants other than via ultrasound-recognized white matter disorders or major hemorrhage, and inflammatory cytokines may not play the role in CP in very preterm infants that has been postulated.
The lack of association of indicators of infection, clinical (21) or molecular, with CP in preterm infants in this study contrasts with the identification of such an association, both clinical and molecular, with CP in more mature infants (11, 12) . Immune function is different in mothers and in fetuses across the second half of gestation. Different microorganisms tend to colonize the maternal reproductive tract at different GA, immunologic responses mature over the course of gestation, and there are differential vulnerabilities of components of the brain during its development. There may be real differences in how immune and neurobiologic characteristics are interrelated in very preterm as compared with more mature infants.
Measured in neonatal blood an average of 2.4 d after birth by recycling immunoaffinity chromatography or flow analysis methods, inflammatory cytokines examined in this study did not distinguish children with later CP, born before 32 wk GA to nonpreeclamptic mothers, from control children. These data do not support the hypothesis that inflammatory cytokines in the early days of life are important in producing or predicting CP in very preterm infants or suggest that it would be beneficial to target these multifunctional molecules in efforts to prevent adverse neurologic outcome.
